
Title

Edge- and vertex-originated differences between
nanoparticles and nanovoids: A density
functional theory study of face-centered-cubic
Al

Author(s) Ishii, Akio

Citation Computational Materials Science. 2025, 246, p.
113342

Version Type VoR

URL https://hdl.handle.net/11094/97905

rights
This article is licensed under a Creative
Commons Attribution-NonCommercial-NoDerivatives
4.0 International License.

Note

Osaka University Knowledge Archive : OUKAOsaka University Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

Osaka University



Computational Materials Science 246 (2025) 113342 

0
n

Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

Letter

Edge- and vertex-originated differences between nanoparticles and
nanovoids: A density functional theory study of face-centered-cubic Al
Akio Ishii
Department of Mechanical Science and Bioengineering, Osaka University, 1-3 Machikaneyama-cho, Toyonaka, Osaka 560-8531, Japan

A R T I C L E I N F O

Keywords:
Nanoparticle
Nanovoid
Atomistic simulation
Density functional theory

A B S T R A C T

The differences between nanoparticles and nanovoids cannot be clearly distinguished energetically using
conventional comparisons based on the surface energies of these species. For example, nanoparticles and
nanovoids with the same volume and shape are considered energetically equivalent to the conventional Wulff
construction, and so the difference in their morphology cannot be evaluated. This can be attributed to fact that
using such approaches, the effects of excess defects, edges, and vertices in nanoparticles and nanovoids are
typically ignored. In this study, we investigated the energetic differences between face-centered-cubic (FCC)
nanoparticles of Al and nanovoids in bulk FCC Al structure with conventional truncated octahedral shapes by
calculating the excess energies attributed to their edges, vertices, and sizes. This was achieved using density
functional theory calculations and our previously reported method for evaluating the effects of edges and
vertices. The morphological differences between the nanoparticles and nanovoids were also discussed based
on the obtained results.
1. Introduction

Nanoparticles are promising nanoscale materials that exhibit unique
properties that differ from those of bulk metals, and extensive re-
search has been conducted to develop nanoparticles with desirable
characteristics [1–4]. On the other hand, the formation of nanovoids
in structural materials has also been studied in detail [5–7] due to the
negative effects that nanovoids impart on the mechanical properties
of materials, causing embrittlement and blistering under hydrogen
rich conditions [8–13]. Such nanovoids are often observed in nuclear
materials induced by the irradiation [14–16]. The energetic differences
between nanoparticles and nanovoids have not yet been thoroughly
investigated since these components are usually studied individually by
researchers working in different fields. Through our several-years cross-
field studies, we realized that the differences between nanoparticles
and nanovoids cannot be energetically distinguished by conventional
surface energy comparisons. For example, nanoparticles and nanovoids
with the same volume and shape are considered energetically equiv-
alent to the conventional Wulff construction [17]; the differences in
their morphologies cannot be evaluated since the conventional Wulff
construction ignores the effects of excess defects, edges, and vertices in
these structures [18]. Thus, the main objective of this study is to under-
stand the energetic difference between nanoparticles and nanovoids by
investigating the effects of edges and vertices on their excess energies
compared to the bulk energy. It is expected that the obtained results
will aid in the discussion of their morphologies [19].

E-mail address: ishii@me.es.osaka-u.ac.jp.

More specifically, considering Al element, the energetic difference
between face-centered-cubic (FCC) nanoparticles and nanovoids in FCC
structures with conventional truncated octahedral shapes (i.e., con-
taining {111} and {100} faces) is evaluated [18,19]. The edge and
vertex energies of the nanoparticles and nanovoids are calculated with
respect to the size using the density functional theory (DFT) approach
combined with a method for evaluating the effect of edges and vertices,
as proposed previously by us [18]. Subsequently, the differences in
the morphologies of these structures are discussed. The excess energies
attributed to the edges and vertices are denoted as the ‘‘edge’’ and
‘‘vertex’’ energies in the following for the convenience [18]. Note that
Al was selected for analysis to reduce the calculation cost.

2. Calculation of the edge energy

Based on our previous study [18], the edge energies of conventional
truncated octahedral FCC nanoparticles and nanovoids with {111} and
{100} faces were calculated using two-dimensional (2D) atomic model
sets, as shown in Fig. 1. Each set included two atomic models for
calculation of the edge energies of FCC nanoparticles and nanovoids
of the same size and shape, as presented in Fig. 2. This atomic model
describes the edges of the larger nanoparticles and nanovoids as the
index of the set increases from I to IV. All 2D models consist of
hexagonal prisms with two {111}/{111} and four {111}/{100} edges,
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in addition to an infinite length along the longitudinal direction 𝑧. The
hickness of the unit cell along the 𝑧 direction is only two (1̄10) atomic
ayers owing to the periodicity along the 𝑧 direction. The {111}/{111}

and {111}/{100} edges correspond to those of conventional truncated
octahedral FCC nanoparticles and nanovoids, although no vertices exist
owing to the periodicity along the 𝑧 direction. Thus, the effects of
the edges and vertices can be distinguished, and the edge energy of
a nanoparticle or nanovoid can be defined as follows [18]:

𝛥𝐸edge ≡ 1
𝑎2D𝑧

(

𝐸2D −𝑁2D𝐸bulk − 𝛾{111}𝐴2D
{111} − 𝛾{100}𝐴2D

{100}

)

. (1)

where 𝐸2D denotes the potential energy of the 2D atomic model for the
optimized atomic structures calculated using the DFT approach, 𝐸bulk

denotes the bulk energy (per atom) of a material without a surface,
𝛾{111} and 𝛾{100} denote the surface energies of the {111} and {100}
faces, respectively, and 𝑎2D𝑧 denotes the unit cell thickness. In addition,
𝑁2D denotes the number of atoms in the 2D atomic model, while 𝐴2D

{111}
and 𝐴2D

{100} denote the {111} and {100} surface areas in the 2D atomic
model. It should be noted here that 𝑁2D does not indicate the size of
the nanovoid, nor the number of vacancies inside the nanovoids. We
consider that the size effect in the edge energy is due to the distance
between the edges in this modeling. The values of 𝐸bulk , 𝛾{111}, and
𝛾{100} were obtained from the Materials Project database as −3.75
eV/atom, 0.048, and 0.057 eV∕Å2, respectively [20].

The Vienna Ab initio Simulation Package was used for the DFT
tomistic simulations [21]. Electron–ion interactions were described
sing the projector-augmented wave method [22]. In addition, the
xchange correlation between the electrons was treated using the
erdew–Burke–Ernzerhof generalized gradient approximation [23]
ith an energy cutoff of 520 eV for the plane-wave basis set. The energy

onvergence criteria for the electronic and ionic structure relaxations
ere set to 1.0 × 10−6 and 1.0 × 10−3 eV, respectively. The size of

the supercell was set to 50 × 50 × 2.88 Å to describe the vacuum
round the faces on 𝑥𝑦-plane for a nanoparticle. 56.6 × 52.0 × 2.88 Å
upercells with bulk FCC structures surrounding the nanovoid were
niformly used for all nanovoids of different sizes. 1 × 1 × 8 k-point and
× 3 × 8 k-point meshes was used for the nanoparticles and nanovoids,

espectively. The value of 𝐸2D for each atomic model was calculated
fter structural optimization, including the relaxation of cell length
long the 𝑧-direction for the nanoparticles and the whole-cell shape
or the nanovoids. It was confirmed that the extra interactions of the
urfaces had no significant effects on these calculations owing to the
inite supercell size: the periodicity of the atomic models. Note that
he temperature effect was not considered in the calculation due to the
alculation cost; our atomic models are too large to implement dynamic
ampling or phonon analysis using DFT calculation.

Table 1 lists the calculated 𝛥𝐸edge values for each set. From the
𝐸edge values obtained for the nanoparticles, it can be seen that a

arge edge energy exists even in small nanoparticles, and this energy
ncreases as the size of the atomic model (i.e., the index) increases
nd saturates for the III and IV sets, that is similar trend to those
f the nanoparticles examined in our previous study [18]. On the
ther hand, the edge energy of a nanovoid is smaller than that of a
anoparticle of the same size, and even becomes negative for small
anovoids. However, it increases drastically as the size increases, and
ever saturates in the size range investigated herein. This indicates
hat, in contrast to nanoparticles, nanovoids cannot grow significantly,
aintaining their truncated octahedral shape. The coexistence of multi-
le small nanovoids or planar-like shapes are suggested to stabilize the
anovoids in FCC Al metal. This may partly account for the fact that
D crack-type defects are usually observed in metals on a large scale.
hree-dimensional (3D) shapes are not favored chemically because of
he excess energy associated with their edges, although the gases inside
he voids or cracks tend to impart elastic stabilization on the spherical
hapes [24,25]. Thus, the large-scale spherical nanovoids may be only

table under the existence of gases inside them.

2 
Table 1
Calculated edge energies 𝛥𝐸edge for the atomic model sets shown in
Fig. 1. The units are eV∕Å. The size indicates the number of atoms
(vacancies) of the nanoparticle (nanovoid) in the set.

Set Size Nanoparticle Nanovoid

I 14 0.69 −0.085
II 43 0.75 0.088
III 88 0.94 0.252
IV 149 0.97 0.410

3. Calculation of the vertex energy

Using the calculated 𝛥𝐸edge values and the potential energies of
the actual 3D truncated octahedral atomic models of nanoparticles
or nanovoids with identical edge lengths 𝑎 (𝐸3D), the vertex energy
𝛥𝐸vertex was calculated. Since such truncated octahedra possess 12
{111}/{111} and 24 {111}/{100} edges, the vertex energy 𝛥𝐸vertex was
obtained from 𝐸3D and 𝛥𝐸edge to cancel the edge effect, as follows [18]:

𝛥𝐸vertex ≡ 1
24

(

𝐸3D −𝑁3D𝐸bulk − 6𝛥𝐸edge𝑎 −
(

12
√

3𝛾{111} + 6𝛾{100}
)

𝑎2
)

. (2)

here 𝑁3D denotes the number of atoms in the 3D atomic model,
2
√

3𝑎2 and 6𝑎2 indicate the total areas of the {111} and {100} faces
of the truncated octahedron, respectively, and 24 corresponds to the
number of vertices in the truncated octahedron. To investigate the
size effect, atomic model sets (I–IV) were constructed that included
differently sized 3D truncated octahedral nanoparticles and nanovoids,
as shown in Fig. 2. For this purpose, the nanoparticles and nanovoids in
the same sets were of the same size. These sets were paired with the 2D
atomic model sets shown in Fig. 1, and the distances between the edges
of the truncated octahedra in each set were consistent with those in
the 2D atomic model set with the same index. Thus, the corresponding
value of 𝛥𝐸edge in Table 1 was used to calculate 𝛥𝐸vertex. We consider
that the size effect in the vertex energy is due to the distance between
the vertices (the length of the edges) in this modeling. It should be
noted here that only the atomic model of a nanoparticle is included
in set IV because of the limitations of our computational resources; the
corresponding atomic model of a nanovoid was found to be too large to
allow calculation of the potential energy, even when high-performance
supercomputers were employed.

For the detail of the atomic models and the DFT parameters, the
supercell of nanoparticles was set to 50 × 50 × 50 Å to describe the
vacuum around the nanoparticles, and a 1 × 1 × 1 k-point mesh
was used. No periodicity was assumed in the atomic models of the
nanoparticles. [100] × [010] × [001] = 24.2 × 24.2 × 24.2, 28.1 × 28.1 ×
2.81, and 36.2 × 36.2 × 36.2 Å supercells with FCC bulk structures
surrounding the nanovoids were used for the nanovoids in sets I, II, and
III, respectively, avoiding surface interactions due to the periodicity of
the atomic models. A 3 × 3 × 3 k-point mesh was used for all nanovoids.
For each atomic model, the value of 𝐸3D was calculated after structural
optimization (including the relaxation of cell shapes of the nanovoids).
All other DFT parameters were the same as those described in the
previous section.

Table 2 lists the calculated vertex energies 𝛥𝐸vertex with respect to
the sizes of the nanoparticles and the nanovoids. The percentages of the
surface, edge, and vertex energies that contributed to the total excess
energies of the nanoparticles and nanovoids (i.e., the energy increment
compared to the bulk FCC Al) are also shown in Table 3. The negative
percentages correspond to the negative excess energies of the edges and
vertices in Tables 1 and 2.

It can be seen that the value of 𝛥𝐸vertex decreases with an increase in
the nanoparticle size, which is consistent with our previous study [18].
Interestingly, it can be seen from Table 2 that this value eventually
becomes negative. In addition, from Table 3, it is evident that although
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Fig. 1. 2D Atomic model sets (from I to IV) for calculation of the edge energies 𝛥𝐸edge of nanoparticles and nanovoids with different sizes. The thickness of the unit cell along the
𝑧 direction is two (1̄10) atomic layers for all models. White circles indicate the positions of vacancies in the nanovoids. Only the atoms surrounding the 2D nanovoids are shown
for the atomic models (i.e., atoms with different coordination numbers from those in FCC bulk structure). The atomic structures were visualized using OVITO software [26].

Fig. 2. 3D Atomic model sets (from I to IV) for calculation of the vertex energies 𝛥𝐸vertex of the nanoparticles and nanovoids with different sizes. Only the atoms surrounding
the nanovoid are shown for the nanovoid atomic models. The bonds in the nanovoids are provided as guides to easily understand the shapes. The broken lines are provided as
guides to the eyes for the {111} face. Note that the atoms surrounding the nanovoid do not construct hexagonal {111} faces with the 𝑖𝑑𝑒𝑎𝑙 edge lengths; however, the nanovoid
itself does construct such faces. The atomic structures were visualized using OVITO software [26].
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Table 2
Calculated vertex energy 𝛥𝐸vertex for each atomic model set in Fig. 2.
The units are eV (per vertex). The size indicates the number of atoms
(vacancies) in the nanoparticles (nanovoids) in each set.

Set Size Nanoparticle Nanovoid

I 38 0.09 0.28
II 201 −0.07 0.38
III 586 −0.27 0.18
IV 1289 −0.49 –

the percentage decreased as the nanoparticle size increased, the edge
energy still occupied a large percentage of the total excess energy, on
the other hand, the percentage of the vertex energy was extremely
small or even negative. Considering that the sphere can be considered
as a shape with infinite vertices and no edges, the obtained result
indicates that during growth, the nanoparticles become more spherical,
even avoiding becoming planar, thereby agreeing with previous exper-
imental reports [27,28]. Notably, this appears to be the first time that
the spherical nanoparticles have been considered to be energetically
stable, despite the fact that they are always observed experimentally.
The planar shape becomes the most energetically stable state if only
the surface energy is considered when discussing the morphology; this
can be attributed to the orientation dependency of the surface energy.
Although classical nucleation theory (CNT) tells us that the sphere is
the most stable shape because it has a minimum surface area [29],
CNT approximates the surface energy as a constant value and the excess
energy due to the difference of the crystal orientation, which must exist
for the spherical shape, is not considered. Our study suggests that this
excess energy due to the difference of the orientation is compensated
by the negative vertex energy, keeping the spherical shape of the
nanoparticles stable.

On the other hand, the value of 𝛥𝐸vertex is always positive for
nanovoids, and is relatively high even for small nanovoids, as indicated
in Table 2. It can also be seen that the percentage contribution of
the vertex energy is quite high, although that of the edge energy is
negative for small nanovoids (set I). As the nanovoid size increases,
the percentage of the edge energy increases and becomes significant, al-
though the vertex energy becomes negligible, as shown in Table 3. This
indicates that the nanovoids nucleate in the form of a coin, decreasing
the number of vertices and increasing the edge length. Subsequently,
the nanovoids grow like planar cracks or spherical voids, decreasing the
length of each edge. The value of 𝛥𝐸vertex initially increases and then
decreases for nanovoids; thus, a maximum value exists for 𝛥𝐸vertex with
respect to the nanovoid size. We think this is due to the interactions
between vertices and the pair interactions between vacancies were also
examined with respect to the distance between the vacancies, consid-
ering that vacancies instead of atoms exist at the nanovoid vertices;
as detailed in the Appendix. And actually, a maximum of the pair
interaction energy of vacancies with respect to the distance between
the vacancies was detected. The above results therefore suggest that the
Al nanovoids have a critical size of approximately 200 vacancies, after
which they may change their morphology to become more spherical
owing to a decrease in the vertex energy. It should be noted here that
only the chemical effect was considered due to the surface morpholo-
gies of the nanovoids, and the morphology was also affected elastically
by the gases present inside the voids (as mentioned above) and by the
application of an external load [24,30,31].

4. Summary

In this study, the energetic difference between FCC nanoparticles
of Al and nanovoids present in FCC Al with conventional truncated
octahedral shapes were investigated by calculating the excess ener-
gies caused by the edges and vertices for species of different sizes.

For this purpose, DFT calculations were employed in combination

4 
Table 3
Fractions of the surface, edge, and vertex energies in the total excess
energy of a nanoparticle. The units are %, and the negative percentages
reflect the negative excess energies of the edges and vertices given in
Tables 1 and 2.

Set Surface Edge Vertex

Nanoparticle
I 43 48 9
II 64 39 −3
III 70 35 −5
IV 76 29 −5
Nanovoid
I 66 −9 43
II 77 6 17
III 85 11 4

with a method for evaluating the effects of edges and vertices, as
described in our previous work. The morphological differences between
the nanoparticles and nanovoids were then discussed based on the
obtained results. It was found that the Al nanoparticles nucleated and
grew into spherical shapes owing to the large positive excess energy
associated with the edges. However, the nanovoids in the bulk FCC Al
nucleated in the form of coins owing to the negative excess energy of
the edges and the large positive energy of the vertices. Subsequently,
the nanovoids grew to generate planar cracks or spherical voids owing
to the increased edge energy and the decreased vertex energy. Notably,
although only the effects of the edges and vertices due to the connection
of {111} and {100} faces were investigated, and the shapes of the
nanoparticles and nanovoids were limited to conventional truncated
octahedrons due to the limitations in calculation costs in this study,
it was considered that these observations could be generalized because
they agree with conventional experimental observations. Additionally,
our method should be applicable to investigation of the excess edge
and vertex energies at the interfaces of coherent precipitates in other
materials. However, it will be necessary to distinguish between the
chemical and elastic effects in such cases due to the presence of misfit
strains between the atomic structures of the bulk and the precipitate
using proper method [32–34].
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Fig. A.1. The atomic model used to investigate the pair interactions between the vacancies (40 atoms). The black lines indicate the supercell. The thickness of the unit cell along
the 𝑧 direction is four (1̄10) atomic layers. A vacancy was fixed at position X, and the position of the second vacancy was varied between positions 1 and 5, that are in same
(1̄10) layer as the vacancy at position X. The atomic structures were visualized using OVITO software [26].
Table A.1
Calculated potential energy for each vacancy position
shown in Fig. A.1. The standard of the potential
energy was set to that obtained for position 1. The
units are eV.

Position Potential energy

1 0.00
2 0.10
3 0.12
4 0.05
5 0.02

Appendix. Pair interaction energies of the vacancies in Al

To investigate the origin of the critical value of 𝛥𝐸vertex with re-
spect to the nanovoid size (see Section 3), the pair interactions of
the vacancies were investigated with respect to the distance between
the vacancies, considering that vacancies instead of atoms exist at the
nanovoid vertices. As shown in Fig. A.1, atomic models based on 40
atoms without any vacancies were employed. By fixing a vacancy at the
X position, the position of another vacancy was changed along the [110]
direction from positions 1 to 5, and the potential energy was calculated
in each case. A 1 × 6 × 6 k-point mesh was used, and the potential
energies were calculated after structural optimization, including the
relaxation of the cell shape. All other DFT parameters were as described
in the main text. Table A.1 lists the calculated potential energies at the
various positions, wherein it can be seen that the maximum value were
expected around positions 2 and 3. The distance between positions X
and 2 was consistent with the distance between the vertices in set II,
which has the maximum of the vertex energy (see Fig. 2 in the main
text).
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